The title compound is investigated by specific heat measurements in the normal and superconducting states supplemented by upper critical field transport, susceptibility, and magnetization measurements. From a detailed analysis including also full potential electronic structure calculations for the Fermi surface sheets, Fermi velocities, and partial densities of states the presence of both strong electron-phonon interactions and considerable pair breaking has been revealed. The specific heat and the upper critical field data can be described to a first approximation by an effective single-band model close to the clean limit derived from a strongly coupled predominant hole subsystem with small Fermi velocities. However, in order to account also for Hallconductivity and thermopower data in the literature, an effective general two-band model is proposed. This two-band model provides a flexible enough frame to describe consistently all available data within a scenario of phonon mediated s-wave superconductivity somewhat suppressed by a sizable electron-paramagnon or electron-electron Coulomb interaction. For quantitative details the relevance of soft phonons and of a Van Hove-type singularity in the electronic density of states near the Fermi energy is suggested.
I. INTRODUCTION
The recent discovery of superconductivity in the intermetallic antiperovskite compound MgCNi 3 (Ref. 1) with a superconducting transition temperature of T c Ӎ 8 K is rather surprising considering its high Ni content. Therefore it is expected that this compound is near a ferromagnetic instability which might be reached by hole doping on the Mg sites. 2 The possibility of unconventional superconductivity due to the proximity of these two types of collective order has attracted great interest in the electronic structure and the physics of the pairing mechanism.
Band structure calculations [2] [3] [4] [5] [6] for MgCNi 3 revealed a domination of the electronic states at the Fermi surface by the 3d orbitals of Ni, suggesting the presence of ferromagnetic spin fluctuations. 2,4 13 C NMR measurements 7 result in Fermi liquid behavior with an electronic crossover at T Ϸ 50 K and a growing formation of spin fluctuations below T Ϸ 20 K. Resistivity measurements, 1, 8, 9 measurements of the thermopower, the thermal conductivity and the magnetoresistance, 10 doping experiments, 9, 11 and magnetization measurements 11 are consistent with this interpretation. MgCNi 3 has been considered as a structurally related compound of the layered transition metal borocarbides which exhibit superconducting transition temperatures up to Ϸ23 K. 11, 12 In spite of the much lower T c of MgCNi 3 , its upper critical field H c2 at low temperatures, H c2 ͑0͒ =8-15 T, 8, [13] [14] [15] [16] is comparable with that of the borocarbides or even higher. However, a rather different and unusual shape, especially near T c , for the temperature dependence of H c2 ͑T͒ is observed for the latter compounds. 17 At variance the H c2 ͑T͒ dependence of MgCNi 3 is similar to that of usual superconductors which are described reasonably well within the isotropic single-band approximation and exhibit a steep linear slope of H c2 ͑T͒ at T c .
Through analysis of specific heat data, MgCNi 3 was characterized in the framework of a conventional, phononmediated pairing both as a moderate 1, 16 and as a strong 14, 18 coupling superconductor. Strong coupling is also suggested by measurements of the thermopower 10 and the large energy gap determined from tunneling experiments. 14 The question of the pairing symmetry is controversially discussed in the literature. 13 C NMR experiments, 7 specific heat measurements, 16 and tunneling spectra 19 support s-wave pairing in MgCNi 3 , whereas earlier tunneling spectra 14 and penetration depth measurements 20 have been interpreted in terms of an unconventional pairing state. Recent measurements of the critical current of MgCNi 3 may be interpreted in the latter sense, too. 21 In the present investigation, specific heat data of MgCNi 3 in the normal and superconducting states were analyzed in detail with the aid of a realistic phonon model and strong coupling corrections as suggested by Carbotte. 22 The results are brought into accordance with the two-band character of MgCNi 3 emerging from band structure calculations and a parallel analysis of the upper critical field H c2 ͑0͒, in order to find out a consistent physical picture explaining at least qualitatively various available experimental results.
II. ESSENTIALS OF THE THEORETICAL ELECTRONIC STRUCTURE
Following previous work 2 in the present section we remind the reader of some essential features and point out details of the electronic structure of MgCNi 3 which are crucial for a proper interpretation of the specific heat [total and 23)] below E F . The peak may be of relevance for a proper quantitative description of the electronic specific heat, transport data, magnetic properties, and superconductivity. Last but not least, there is also a sizable variety on the magnitude of the electron-phonon coupling constant ph (ranging between 0.8 and 2.0) mainly caused by poor knowledge of the phonon energies and possible lattice anharmonicities. 24 Our results have been obtained by a band structure calculation code using the full-potential nonorthogonal localorbital (FPLO) minimum-basis scheme. 25 There are about 0.285 charges per unit cell with exactly equal numbers of holes and electrons-i.e., n h = n el -which follows from the even number of electrons per unit cell [to distinguish both bands, we will use the index "h" for the hole band ("1") and "el" for the electron band ("2") in the following analysis]. In other words, MgCNi 3 is a so-called compensated metal which must be described in terms of multiband model by definition. Thus, it makes sense to start with a two-band model. The generalization to any higher multiband scenario is straightforward. A standard single-band system with an even number of electrons per unit cell would be a band insulator. Thus, metallicity is achieved owing to the two-band character which leads to electron and hole-derived FSS's. The total DOS N͑0͒ at the Fermi level can be decomposed into a roughly 85% and a 15% contribution stemming from two-hole and two-electron sheets of the Fermi surface, respectively (see Figs. 1 and 2 ). The two types of hole sheets are formed by eight droplets (ovoids) oriented along the spatial diagonals of the cube-i.e., along the ⌫-R lines and six FSS with a "four-leaved-clover"-like shape centered at the X points in the middle of the faces of the cube (see Fig. 2 ). The coordinates of the symmetry points read ⌫ = ͑0,0,0͒, R = ͑0.5, 0.5, 0.5͒, X = ͑0.5,0,0͒, and M = ͑0.5, 0.5, 0͒ (all given in units of 2 / a, where a = 0.381 nm is the lattice constant). The FSS's with electron character are given by the rounded cube centered at ⌫ and 12 thin jungle gims spanning from R to M.
The band structure calculations provide us directly with several material parameters (total and partial densities of states, Fermi velocities, etc.) important for the understanding of superconductivity and electronic transport properties. For instance the transport properties are described by quadratically averaged Fermi velocities ͗v 2 ͘ FSS whereas the upper critical field is described by averages of the type ͗1/v 2 ͘ FSS which yields a smaller effective velocity in general. Using the general definitions of the local density of states (in k ជ space) and those of mth and the first moments of the Fermi velocity v = ͉v ជ͑k ជ ͉͒, respectively, we have 
where i = el, h , tot, S F,i denotes the area of the ith Fermi surface sheet, and the effective quantity is related to the linearly averaged value v adopting a simple estimate as
where ␦v is the halfwidth of the v distribution. where i denotes the corresponding resistivity. In the present case the disorder is expected to be caused mainly by Mg-and C-related defects such as vacancies and interstitials. Therefore the ratio of the scattering rates might scale with the ratio of the non-Ni-derived Mg and C orbital partial densities of states at the Fermi level and the corresponding Fermi velocities. As a result we estimate from our local density approximation (LDA) FPLO calculations
Within this approach the corresponding mean free paths differ by a factor of 0.917 and a conductivity ratio of h / el = 1.403 would be expected.
In the following analysis we usually make use of ប = k B = 0 = 1 for the sake of simplification.
III. EXPERIMENT
Polycrystalline samples of MgCNi 3 have been prepared by solid-state reaction. In order to obtain samples with high T c , we used an excess of carbon as proposed in Ref. 1 . To cover the high volatility of Mg during sintering of the samples an excess of Mg is used. 1 In this study, a sample with the nominal formula Mg 1.2 C 1.6 Ni 3 has been investigated and is denoted as MgC 1.6 Ni 3 . To prepare the sample a mixture of Mg, C, and Ni powders was pressed into a pellet. The pellet was wrapped in a Ta foil and sealed in a quartz ampoule containing an Ar atmosphere at 180 mbar. The sample was sintered for half an hour at 600°C followed by one hour at 900°C. After a cooling process the sample was reground. This procedure was repeated 2 times in order to lower a possible impurity phase content. The obtained sample was investigated by x-ray diffractometry to estimate its quality. The diffractometer pattern (Fig. 3) shows small impurity concentrations mainly resulting from MgO and unreacted carbon crystallized as graphite (Ϸ10 vol. %). The lattice constant of the prepared sample was determined to be a = 0.38107͑1͒ nm using the Rietveld code FULLPROF. 26 This indicates that the nearly single-phase sample corresponds to the superconducting modification of MgC x Ni 3 . 27 The superconducting transition of the sample was investigated by measurements of electrical resistance, ac susceptibility, and specific heat. For the electrical resistance measurement a piece cut from the initially prepared pellet with 5 mm in length and a cross section of approximately 1 mm 2 was measured in magnetic fields up to 16 T using the standard four-probe method with current densities between 0.2 and 1 A / cm 2 . The ac susceptibility and the specific heat measurements were performed on other pieces from the same pellet in magnetic fields up to 9 T.
IV. RESULTS

A. Resistivity
The temperature dependence of the electrical resistance of the investigated sample is shown in Fig. 4 . A superconducting transition with an onset (midpoint) value of T c = 7.0 K ͑6.9 K͒ is observed (see inset of Fig. 4 ) which coin- cides with the onset of the superconducting transition of T c = 7.0 K determined from ac susceptibility. Its residual resistance ratio ͑300 K͒ / ͑8 K͒ = 1.85 and the shape of the ͑T͒ curve are typical for MgCNi 3 powder samples. 1, 8, 9 It should be noted that the sample of Fig. 4 has a resistivity of 300 K = 2.1 m⍀ cm which is much too large in order to be intrinsic.
The nonintrinsic origin of the corresponding residual resistivity of 0 = 1.13 m⍀ cm follows from reasonable values for the mean free path which has to exceed the lattice constant a according to the Joffe-Regel limit l imp ജ a. 28, 29 Using v F = v tr,ISB = 2.15ϫ 10 7 cm/ s and pl = 3.17 eV from Sec. II, the maximal intrinsic residual resistivity is estimated as 0 max =4v F / ͑ pl 2 a͒ = 0.29 m⍀ cm, in the extreme isotropic single-band dirty limit.
A natural explanation for the high resistivity of the investigated sample which was not subjected to high-pressure sintering is a relatively large resistance of the grain boundaries. 9 This conclusion is supported by H c2 ͑0͒ and T c values of recent low-resistivity thin film data (with 0 down to 20 ⍀ cm) by Young et al., 15 which are comparable to available powder sample values.
B. Specific heat
Specific heat measurements were performed in order to get information about the superconducting transition, the upper critical field, and the superconducting pairing symmetry and the strength of the electron-phonon coupling from thermodynamic data. In Fig. 5 specific heat data c p / T vs T 2 are shown for applied magnetic fields up to 8 T. The previously mentioned (see Sec. III) 10 vol. % graphite impurity contribution, corresponding to Ϸ0.2% -0.3% of total specific heat at 2 -30 K, was subtracted according to Ref. 30 .
The specific heat can be considered as a sum of a lattice contribution and a linear-in-T term which gives the electronic contribution with ␥ N * as the Sommerfeld parameter:
To extract the lattice contribution of the normal-state specific heat the low-temperature limit
͑3͒
of the Debye model is usually applied. A fit of Eq. (2) to the data is shown in Fig. 5 14, 16 The fit describes the normal-state data above T c but its extrapolation to T = 0 K obviously underestimates the high-field data (see Fig. 5 ).
The transition temperature T c = 6.8 K, calculated from entropy conservation criterion, agrees well with the transition temperatures T c = 6.9 K and T c = 7.0 K derived from resistance and ac susceptibility data, respectively.
The jump ⌬c͑T = T c ͒ of the specific heat is given by the difference between the experimental data, c p ͑T͒ and the normal-state specific heat contribution c n ͑T͒. Notice that the experimental value of the jump, ⌬c͑T c ͒ / ͑␥ N T c ͒ = 2.09 (derived from an entropy conserving construction-see Sec. V B), is strongly enhanced compared to the BCS value (1.43), indicating strong electron-phonon coupling.
C. Superconducting transition and upper critical field
The field dependence of the electrical resistance of our investigated sample is shown in Fig. 6 for several temperatures between 1.9 and 6.0 K. A sharp transition is observed. It remains sharp down to low temperatures. In Fig. 7 , the field values H 10 , H 50 , and H 90 defined at 10%, 50%, and 90% of the normal-state resistance are plotted as a function of temperature. Identical results have been found from resistance-vs-temperature transition curves measured at different magnetic fields. Additionally, Fig. 7 shows upper critical field data determined from ac susceptibility measurements, H c2 sus , determined by an onset criterion. It is clearly seen that for the investigated sample H c2 sus agrees approximately with H 10 . A similar behavior was already observed for MgB 2 , whereas in the case of rare-earth nickel borocarbides the onset of superconductivity determined from ac susceptibility was typically found to agree well with the midpoint value ͑H 50 ͒ of the normal-state resistivity. The width ⌬H = H 90 − H 10 of the superconducting transition curves in Fig. 6 (and Fig. 7 ) remains, with ⌬H Ӎ 0.6 T, almost unchanged down to low temperatures. A nontextured polycrystalline sample of a strongly anisotropic superconductor shows a gradual broadening of the superconducting transition with decreasing temperature as was observed, for example, for MgB 2 . 31 Therefore, the nearly constant transition width ⌬H observed for the investigated sample can be considered as an indication of a rather small anisotropy of H c2 ͑T͒ in MgCNi 3 . The upper critical fields, H c2 ͑T͒, determined from the specific heat data, are shown in Fig. 8 . The H c2 ͑T͒ data obtained from the specific heat are located in the small field range between the H 90 ͑T͒ and H 10 ͑T͒ curves determined from resistivity measurements (see Fig. 6 ).
The extrapolation of H 90 ͑T͒ to T = 0 K yields an upper critical field of H c2 ͑0͒Ӎ11.0 T (see Fig. 7 ). The observed temperature dependence of the upper critical field is typical for H c2 ͑T͒ data reported for MgCNi 3 so far 18 and was described 8, 14, 16 within the standard Werthammer-HelfandHohenberg (WHH) model 32 by conventional superconductivity. However, a quantitative analysis of H c2 data presented in Sec. VI A shows that the magnitude of the upper critical field H c2 ͑0͒ at T = 0 K can be understood only if strong electronphonon coupling is taken into account.
V. ANALYSIS
A. Specific heat in the normal state
In order to describe the specific heat data in the normal state in an extended temperature range T c Ͻ T Ͻ 30 K, the Debye low-temperature limit approximation for the lattice contribution [see Eq. (3)] was replaced by
Here,
stands for the Debye model 33, 34 describing the three acoustic phonon branches, whereas the Einstein model 33, 34 
describes the 12 optical branches.
We found that the nine energetically lowest phonons (three acoustic and six optical modes) are sufficient to describe the normal-state specific heat up to T =30 K. To fit the model to the data, we started in the low-temperature region where the contribution of the Einstein-like modes are negligible and the specific heat is mainly determined by the Debye-like modes. Starting parameters for the Sommerfeld parameter and the Debye temperature were taken from Sec. IV B. The contribution of the remaining Einstein modes was carefully estimated by stepwise increasing the temperature limit of the fit. The fitting procedure was performed using the ROOT program package. 35 It takes into account parameter correlations and non-linearities to calculate parameter errors. For the five parameters used, the standard deviations obtained from the least-squares fit amount to Ϸ 0.1 K for D1, D2, E1, and E2 and Ϸ 10 K for E3. The result of the fit is shown in Fig. 9 . The Sommerfeld parameter converged to ␥ N * = 31.4 mJ/ mol K 2 , greater than determined from Fig. 5 . Specific heat measurements up to T = 300 K on another piece from the initially prepared sample (which are not presented here) give the remaining six optical mode temperatures (where all other parameters were fixed). The obtained Debye and Einstein temperatures and the belonging grouping parameters i are summarized in Table I . The phonon energies are in good agreement with recent calculations. 24 The corresponding phonon spectrum has the form 34
where ͑x͒ is the well-known step function and ⍀ denotes the corresponding cutoff temperatures in meV. The result including higher optical modes is shown in Fig. 10 . Our model parameters even reproduce the rather complex phonon dispersion along the ⌫-X direction in the first Brillouin zone at low phonon energies, as can be seen from Fig. 11 , where the used model is compared with calculations reported by Ignatov et al. 24 Even though our model only involves constant and linear dispersion by the Einstein and Debye models, respectively, the calculated phonon dispersion 11(b), is simulated within our model by the degeneracy of the Einstein modes E1 and E2 [ Fig. 11(a) ]. The high-energy optic phonons obtained from the model are shifted to lower energies than predicted by the calculations. The shift is most probably caused by anharmonic effects, which usually increase specific heat data at higher temperatures. 24 To investigate the electron-phonon coupling strength, the electron-phonon interaction function ␣ 2 F ph ͑͒ is of interest. The coupling function ␣ 2 ͑͒ is usually extracted from tunneling measurements. In the case of A15 compounds 36 and some borocarbides, 37 ␣ 2 ͑͒ is found to be of the form ␣ 2 ͑͒ = ␦ / ͱ , with a scaling parameter ␦. Within this approach the logarithmically averaged mean phonon frequency ln was determined from
as ln = 143 K. Note that shifting the high-energy modes to E4 Ϸ 580 K and E5 Ϸ 850 K, which would better reproduce the calculations from Ignatov et al., 24 would shift ln to 140 K. This shows that these high-energy modes have a minor influence on the further analysis. ln is used in the wellknown McMillan formula (refined by Allen and Dynes 38 )
to estimate the electron-phonon coupling constant ph . Here * denotes the usually weak Coulomb pseudopotential which has been chosen as * = 0.13 in this case. With T c = 6.8 K the electron-phonon coupling constant amounts ph = 0.84, suggesting moderate coupling as proposed, for instance, in Refs. 1 and 16. However, the low value of ph estimated from Eq. (5) is in contradiction with our specific heat data as already mentioned in Sec. IV B. In particular, ph = 1.45 was derived from the ratio ␥ N * / ␥ 0 and also the high value of the superconducting jump ⌬c͑T c ͒ / ͑␥ N T c ͒ = 2.09 indicates strong electron-phonon coupling. Strong electron-phonon coupling was also predicted by Ignatov et al. 24 ͑ ph = 1.51͒ on the basis of the calculations mentioned above.
In this context a more precise analysis of the lowtemperature normal-state specific heat data is required. As can be seen from the dashed line in Fig. 12 , the extended lattice model does not describe the magnetic field data. Even larger deviations are observed if the experimental data are described within the low-temperature limit of the Debye model (see Fig. 5 ). Lin et al., 16 who found a similar upturn of the experimental data at low temperatures, tried to explain this behavior by the presence of Ni impurities. However, our x-ray analysis (see Fig. 3 ) shows no indication for Ni impurities in our sample. Recently, Shan et al. 18 found that the upturn mentioned can be easily reduced by lowering the carbon content. They attributed the observed upturn to some kind of boson mediated electron-electron interactions in MgC x Ni 3 . This argument motivated us to search for other possible sources to explain the low-temperature upturn of the normal-state specific heat data.
The easiest explanation is an additional electron-boson interaction which may be (i) an electron-phonon interaction originating from additional phonon-softening of the lowest acoustic mode (suggested by Ignatov et al. 24 and verified experimentally by Heid et al. 39 ) and/or (ii) an electronparamagnon interaction (see Sec. I).
Specific heat measurements do not let one clearly distinguish between these possible origins, but since magnetization measurements on our sample (not presented here) show increasing spin fluctuations below ϳ30 K in accordance with previous statements (see Sec. I), the focus in this paper lies on the electron-paramagnon interaction scenario. This is additionally supported by a small magnetic field dependence of the specific heat data, typically found in the presence of ferromagnetic spin fluctuations.
Within Eliashberg theory the renormalized normal-state specific heat is described by the temperature-dependent thermal mass ⌬m * ͑T͒ / m band . Its contribution to the specific heat is given by
where ͑iz͒ is the digamma function and z = / ͑2k B T͒. The additional electron-paramagnon interaction function is of the form 
This model does not include the slight dependence on the applied magnetic field (which in addition can be temperature dependent). Therefore the parameters were chosen to give a consistent description of the low-temperature upturn on the one hand and the superconducting phase including the entropy conservation of the electronic specific heat in the superconducting state on the other hand (see Sec. V B). The chosen paramagnon-model temperature amounts to ⍀ P Ϸ 2.15 meV⇒ ⌰ P Ϸ 25 K. The corresponding thermal mass ⌬m * ͑T =0͒ / m Ϸ 0.43 is of the same order of magnitude as determined by Shan et al. 18 Since this low-energy excitation concerns the electronic part of the specific heat, we add it to the Sommerfeld parameter which then becomes temperature dependent. The electronic contribution to the specific heat increases from initially ␥ N * = 31.4 mJ/ mol K 2 to ␥ N ͑0͒ = 36.0 mJ/ mol K 2 . This is understandable since the paramagnon interaction dominates in the temperature range below 10 K. The solid line in Fig. 12 shows the good agreement of this extended model with the experimental data in the low-temperature region. In the following ␥ N ͑T͒ is denoted as ␥ N for the sake of simplicity.
The usually applied model
to describe spin fluctuation behavior, is shown in the right panel of Fig. 12 for comparison. At this point the question of the strength of the coupling may be rechecked. Including the additional electronparamagnon interaction, the Allen-Dynes formula, Eq. ␥ N ͑0͒ ␥ 0 = ͑1 + ph + sf ͒. ͑9͒
With sf Ϸ 0.43, the electron-phonon coupling constant becomes ph Ϸ 1.84, showing good agreement between both approaches.
In the next section, the analysis of the specific heat in the normal state will be extended to the superconducting state. Figure 14 shows the superconducting part of the electronic specific heat ⌬c͑T͒ = c p ͑T͒ − c n ͑T͒, obtained from the zero-field data. The superconducting transition temperature T c = 6.8 K has been estimated by an entropy conserving construction (dashed line in Fig. 14) . This value agrees well with the transition temperatures T c = 6.9 K and T c = 7.0 K, derived from resistance and from ac susceptibility data, respectively. The conservation of entropy, ⌬S͑T͒ = ͐ 0 T c ͑⌬c / T͒dT, is shown in the inset of Fig. 14 . It was already mentioned that the high value of the jump, ⌬c͑T c ͒ / ͑␥ N T c ͒ = 2.09, found for the investigated sample can be explained by strong electron-phonon coupling. Nevertheless, we will start to analyze ⌬c͑T͒ for T Ͻ T c / 2 within the BCS theory, since the deviation from the weak coupling temperature dependence of the gap is mainly restricted to the vicinity of the jump. The temperature dependence of ⌬c͑T͒ = c p ͑T͒ − c n ͑T͒ in the weak coupling BCS theory ͑T c Ӷ ln ͒ is given by an approximative formula 6 Ni 3 . Phonon energies are marked by "Ei" and "Di," respectively (see Fig. 10 and Table I ). Inset: electronparamagnon interaction function ␣ 2 F sf ͑͒ according to Eq. (6). The paramagnon energy is marked by "P." (Fig. 15) . The corresponding formula to Eq. (10) reads
B. Specific heat in the superconducting state
if ⌬ BCS ͑0͒ is replaced by ⌬ exp . The solid line in Fig. 15 is a fit of Eq. (11) to the experimental data, which show an exponential temperature dependence at low temperatures ͑T c / T ജ 2͒. This is a strong indication for s-wave superconductivity in MgC 1.6 Ni 3 .
The discrepancy between the values of the experimentally found and the BCS gap as well as the strongly enhanced specific heat jump ⌬c͑T c ͒ are clear indications of strong electron-phonon coupling which is in accordance with our normal-state specific heat analysis. Thus it is now straightforward to investigate the electron-phonon coupling strength and thus the characteristic phonon frequency ln , introduced in Sec. V A, from the superconducting state characteristics. The Eliashberg theory provides the following approximate formulas, which includes strong coupling corrections within an isotropic single-band model and links x = ln / T c to experimental thermodynamic quantities: 22 
2⌬͑0͒
k B T c = 3.53B 0 ͑x͒, ͑12a͒
The corresponding logarithmic correction terms are given by
Now, using Eq. (12a), T c = 6.8 K, and the gap value ⌬ exp ͑2 K͒ = 1.10 meV, one arrives at ln = 149 K.
Using the value of the idealized jump of the specific heat, ⌬c͑T c ͒ / ͑␥ N T c ͒ = 2.09 in Eq. (12b) with T c = 6.8 K, ln = 88 K is derived.
Comparing the linear slope of the idealized specific heat in the superconducting state of −6.7, obtained from 
͑14͒
⌬F is to be extracted from the specific heat in the superconducting state, ⌬c͑T͒ =−Td 2 ͑⌬F͒ /dT 2 . The temperature dependence of H c ͑T͒ is shown in Fig. 16 . With H c ͑0͒ = 179.6 mT we found ␥ N T c 2 / H c 2 ͑0͒ = 0.155. From Eq. (12d) we get ln = 110 K (with T c = 6.8 K).
Next, from the derivative of the thermodynamic critical field at zero temperature, dH c /dT, the ratio H c ͑0͒ / ͓dH c ͑T͒ /dT͉ T c T c ͔ can be estimated. The value at T = T c (of the idealized jump construction) amounts to It should be noted that Eqs. (12a) and (12e) can be used to estimate the value of the gap ⌬͑0͒ from the thermodynamic critical field H c ͑0͒, due to similar dependences on strong coupling corrections: 43 
ͯͩ
Using dH c ͑T͒ /dT͉ T c = 50.236, we get 2⌬͑0͒ / k B T c Ϸ 3.80, agreeing well with the single-band result 2⌬ exp / k B T c = 3.75 of Eq. (11). In summary, ln was estimated from five different thermodynamic relations, only involving experimental results. The mean value ln = ͑111± 23͒ K is in good agreement with calculations of Ignativ et al. 24 An overview of the results is given in Fig. 17 . Note that a similar analysis was already successfully used to describe some borocarbide superconductors. 37, 44 The mean value ln , derived from the superconducting state is somewhat smaller than the normal-state result, ln = 143 K. This may be attributed to an additional phonon softening contribution or the approximative approach of the electron-phonon coupling function ␣ 2 ͑͒ (see Sec. V A). Nevertheless, by checking Eq. (8) with ln = ͑111± 23͒ K, T c = 6.8 K, * = 0.13, and sf = 0.43 the electron-phonon coupling constant becomes ph = 1.95-2.38, whereas ph = 1.91 was derived from ln = 143 K for the same parameters. It should be noted here that Eqs. (12) were derived assuming a small value for the Coulomb pseudopotential * , which is oversimplified considering enhanced electron-paramagnon coupling found in this analysis. A rough correction would shift the characteristic phonon frequency ln to slightly higher values and a coupling constant of ph Ϸ 1.9 seems to be most likely.
The analysis of the thermodynamic properties of MgCNi 3 presented so far clearly points to strong electron-phonon coupling. However, the temperature dependence of the thermodynamic critical field H c ͑T͒ shown in Fig. 16 strongly deviates from analogous data for well-known strong coupling superconductors such as Hg or Pb. H c ͑T͒ is usually analyzed in terms of the deviation function D͑t͒ = H c ͑T͒ / H c ͑0͒ − ͑1−t 2 ͒ with t = T / T c . The deviation function of the above-mentioned strong coupling superconductors is positive and goes through a maximum at t 2 Ϸ 0.5. The deviation function of MgCNi 3 is shown in Fig. 18 . Instead of the expected positive sign, D͑t 2 ͒ of MgCNi 3 becomes negative already above about 0.3T c . The shape of the deviation function of MgCNi 3 closely resembles that one of Nb having an electron-phonon coupling strength of ph Ϸ 1.0. We remind the reader that the weak coupling BCS model yields a negative maximum deviation of Ϸ3.8% (see Fig. 18 ). Thus, at first glance, our result seems to be in contradiction with the strong electron-phonon coupling suggested above. It turns out that this contradiction can be resolved, taking into account a splitting of the electron-phonon interaction function into a high and a low (soft) energy part. This is illustrated in Fig. 19 , where a two-phonon peak spectrum with equal coupling strengths of both peaks located at 1 and 2 has been analyzed in the strong coupling case of ph Ϸ 2 under consideration. The theoretical curves calculated within the ISB are shown for different frequency ratios 1 / 2 . For 1 / 2 Ϸ 8, the "standard" strong coupling behavior-namely, a positive deviation function-is completely removed and the deviation function becomes negative. Considering the low-energy modes E1 and D1, found in the analysis of the specific heat in the normal state (see Figs. 10 and 13 ), this situation is easily imaginable to be valid in the case of MgCNi 3 .
In the superconducting state a linear-in-T electronic specific heat contribution ␥͑H͒T arises from the normal conducting cores of the flux lines for applied magnetic fields
This contribution can be expressed as ␥͑H͒T = c p ͑T , H͒ − c p ͑T ,0͒, 46 where c p ͑T ,0͒ is the specific heat in the Meissner state. Specific heat data for MgC 1.6 Ni 3 at T = 2 K were analyzed in order to derive the field dependence of ␥͑H͒. In  Fig. 20 , the obtained ␥͑H͒ / ␥ N is plotted against H / H c2 ͑0͒ using H c2 ͑0͒ = 11.0 T.
The field data of c p / T shown in Fig. 20 
C. Main superconducting and thermodynamic parameters
In this subsection we collect the values of the main physical parameters we have found experimentally and compare them with available data in the literature. In order to make this comparison as complete as possible we estimate (calculate), from our data and from those of Ref. 14, the lower critical field H c1 ͑0͒ and the penetration depth L ͑0͒ at zero temperature adopting the applicability of the standard Ginzburg-Landau (GL) theory. Within this theory the penetration depth is given by the relation
where the Ginzburg-Landau coherence length GL ͑0͒ and the Ginzburg-Landau parameter are related to the upper and the thermodynamic critical fields as agrees well with measurements performed by Prozorov et al. 20 resulting in L ͑0͒ = ͑250± 20͒ nm. It should be noted that Lin et al. 16 measured a penetration depth of L ͑0͒ = ͑128-180͒ nm for their sample (see also Ref. 55); possible consequences will be discussed in Sec. VI A. To complete the critical field analysis, the lower critical field H c1 ͑0͒ can be estimated using
With H c2 ͑0͒ = 11 T and ͑0͒ = 43.3 we get H c1 ͑0͒ = 11.3 mT, agreeing well with H c1 ͑0͒ = 12.6 mT, measured by Jin et al. 56 The results are shown in Table II , where for comparison results of Refs. 14, 55, and 56 have been included. Comparing these sets one finds a general qualitative accord.
VI. THEORETICAL ANALYSIS AND DISCUSSION
Naturally, any microscopic parameter set containing various coupling constants, etc., to reproduce the measured quantities reported above is strongly model dependent. In this context even the case of relatively simple Fermi surfaces provides a difficult task to solve the full three-(four-) dimensional Eliashberg problem with a given v F ͑k ជ ͒ and ␣ 2 F͑k ជ , kЈ ជ , ͒ for all physical quantities of interest. However, the solution of this problem can be sufficiently simplified for three practically important cases: (i) the relatively simple standard ISB model, where v F ͑k ជ ͒ is constant and the spectral function ␣ 2 F depends only on the boson (phonon) frequency, (ii) a separable anisotropic single-band model which exploits the so-called first-order Fermi surface harmonic approximation, and (iii) the isotropic two-band (ITB) model.
Due to the present lack of single-crystal samples, we will ignore the second issue, completely.
The ITB model is a straightforward generalization of the ISB with respect to two coupling constants and two order parameters, two Fermi velocities, two partial densities of states, two intraband and one interband scattering rate(s), etc. In particular, the different order parameters may be important for the specific heat and related properties whereas the upper critical field and the penetration depth are affected also by the different Fermi velocities (see below). Multiband (twoband) (and similar anisotropy) effects for several physical properties in the superconducting state have been in principle well known for a long time, 57 especially for weakly coupled superconductors in the clean limit. To the best of our knowledge, their interplay with disorder and strong coupling effects is less systematically studied. In particular this is caused by the increased number of input parameters and the necessity of a large amount of numerical calculations.
Most experimental quantities of MgCNi 3 are consistently described within an ISB model. From the specific heat alone, there is no conclusive evidence for the need of an ITB approach; thus, we focus mainly on the ISB model. However, in view of thermopower 10 and Hall data, 8, 15 which cannot be described within the ISB model intrinsically, the ITB model deserves more attention. Therefore, in the end of this section, we will briefly mention to which extent the ITB model modifies the derived results. The interested reader is referred to a more detailed analysis, which is partly shown in Ref. 58 and will be published elsewhere.
A. Isotropic single-band analysis
In the following section the electron-phonon coupling strength ph is extracted from a simultaneous analysis of the upper critical field and the penetration depth in terms of the unknown impurity scattering rate ␥ imp ͓K͔. Since the specific heat measurements do not clearly characterize MgCNi 3 as a one-band or multiband superconductor, the analysis starts within an ISB model. Within this model the upper critical field H c2 ͑0͒ is given by 59 
where
and ␥ imp = v F / l imp is the scattering rate which determines the intrinsic resistivity (l imp denotes the corresponding mean free path and v F the effective Fermi velocity). The London penetration depth including the unknown impurity scattering rate ␥ imp is given by an approximative formula
valid for ph Ͻ 2.5 (see the Appendix for the exact numerical expression), with the bare clean limit London penetration depth
Using Eqs. (16) and (18), ␥ N * = ␥ 0 ͑1+ ph ͒, and the experimentally determined quantities from Table II , we now will check the applicability of the ISB model. For this aim we consider the ratio
͑20͒
which includes the values of six experimentally readily accessible quantities: the Sommerfeld coefficient ␥ N * , H c2 ͑0͒, T c , L ͑0͒, and the volume of the unit cell. The dependence of R on the parameter ␥ imp / T c can be expressed as
In Fig. 21 , the theoretical R͑␥ imp / T c ͒ curves obtained from Eq. (21) for several ph values are compared with the value of R derived from our experimental data which is represented in Fig. 21 as a horizontal line. Crossing points between the theoretical prediction and the experimental result, which confirm the applicability of the ISB, are found for ph ജ 0.8 at low scattering rates. Even in the case of higher electronphonon coupling constants of ph Ϸ 2, a clean limit scenario with ␥ imp / T c Ϸ 1 is favored within the ISB analysis. The dirty limit (with weak or medium coupling) as proposed in Ref. 16 can be excluded from the R check in Fig. 21 . In this context it is interesting to compare the H c2 ͑0͒ data of sintered samples with those of low-resistivity films reported by Young et al. 15 From H c2 ͑0͒ = 12.8 T in this case, GL ͑0͒ = 4.5 nm is derived, far exceeding the mean free path l imp = 0.14 nm, estimated from their 0 (see Sec. IV A). Consequently, one would classify these films to be in the extreme dirty limit. However, since T c and H c2 ͑0͒ are comparable with results of the sintered samples (see Table II ), it can be concluded that for the thin film samples, like in the case of sintered samples, the measured residual resistivity is not intrinsic. Hence, these films are expected to be also near to the clean limit. From this point of view, neutron-irradiated samples reported by Karkin et al. are most interesting. 60 It is noteworthy that the proposed R check is much more convenient than the similar Q check, proposed recently by two of the present authors, 59 since the dependence on ph is considerably weaker for R and, which is more important, R does not depend on the band structure calculation. Thus comparing the results derived above with the expectations from these calculations, additional information on the nature of superconductivity in MgCNi 3 may be extracted. From Eqs. 
is obtained. Using the very weak scattering rates ␥ imp / T c ഛ 1 derived above and the experimental values H c2 ͑0͒ = 11 T and T c = 6.8 K, one estimates from Eq. (22) v F Ϸ͑0.60-1.08͒ ϫ 10 7 cm/ s for electron-phonon coupling constants in the range of 0.8ഛ ph ഛ 2.0. Comparing this result with our band structure calculations (see Sec. II), one realizes consistence with the averaged v hc2,h = 1.07 ϫ 10 7 cm/ s from the two-hole Fermi surface sheets (Sec. II) for strong electron-phonon coupling of ph Ϸ 2.0. Thus, the relatively high value of the upper critical field of H c2 ͑0͒ = 11 T can be attributed to strong electron-phonon coupling for the hole subsystem. The second electron band plays a minor role for H c2 ͑0͒ due to its much faster Fermi velocities and the much lower partial density of states.
Having adopted the dominant hole picture, we also can start from the band structure results, using the Fermi velocity v F,h and the plasma frequency pl,h of the hole band. Then we have to find consistent values of ph,h and ␥ imp , which describe the H c2 ͑0͒ and L ͑0͒ data. 7 cm/ s. The correlation between ␥ imp and ph,h , emerging from these two equations, is shown in the left panel of Fig. 22 . The intersection of both graphs gives ph,h = 1.74-1.78 and ␥ imp = ͑31.0-36.0͒ K. Thus, we arrive at a higher, more realistic scattering rate compared with ␥ imp Ϸ T c obtained from the R check in Fig. 21 . The corresponding ratio (͓H c2 ͑0͒ / H c2 cl ͑0͔͒ −1), giving the deviation of H c2 ͑0͒ from the clean limit value H c2 cl ͑0͒, is plotted in the right panel of Fig. 22 . One gets H c2 cl ͑0͒Ϸ͑8.79-9.07͒ T.
To summarize this part, already in the simplest possible approach two general properties of MgCNi 3 are derived: (i) strong electron-phonon coupling and (ii) intrinsic clean limit at least for the hole subsystem.
Nevertheless, it should be noted that recent preliminary measurements of the penetration depth by Lin et al., 16 resulting in L ͑0͒ = ͑128-180͒ nm, are not compatible with the presented effective single-band analysis (see also Ref. 55) . Especially the R check [Eqs. (20) and (21)] results in unphysical solutions ( ph = 30 as a lower limit), using the values presented in Refs. 16 and 55 (see as well Table II ). The consequences, if these measurements could be verified, remain unclear.
As stated above, the contribution of the second band is expected to be small due to the much smaller partial density of states. Nevertheless, it is necessary to check its influence on the penetration depth to estimate an error of the derived coupling constant ph,h . Using a two-band approach, the penetration depth attributed to the hole band is found to be reduced compared to the value derived from Eq. (15) . The result is plotted in Fig. 23 . From this analysis we estimate an error of about Ϸ10% for ph,h (see Ref. 58 for the detailed analysis).
B. Strong coupling and enhanced depairing
Several results of our analysis of the experimental data are summarized in Table III . The comparison of the estimated ph values clearly points to strong electron-phonon coupling. Nevertheless, the strong coupling scenario realized in MgCNi 3 has been questioned. 1, 16 The strong electronphonon coupling found for MgCNi 3 requires a sizable depairing contribution to explain the low T c value; otherwise, at least a twice as large T c would be expected. It is illustrative to compare different approaches for the calculation of T c to analyze the electron-phonon coupling strength under consideration of the low-temperature upturn of the specific heat in the normal state (see Sec. V A).
In a first approach usually the low-temperature Debye approximation is used to extract the Debye temperature which we did in Sec. IV B for comparison. Our result of ⌰ D * = 292 K is in agreement with previous measurements of Lin et al. 16 and Mao et al. 14 and calculations of Ignatov et al. 24 [It should be noted that our specific heat data were corrected by carbon contribution (see Fig. 3 However, we remind the reader that the experimental and theoretical picture of MgCNi 3 strongly indicates strong electron-phonon coupling and a spin fluctuation contribution. The solid line compared to the dash-dotted line in Fig. 24 shows that the dependence of T c on ph is strongly influenced by pair-breaking contributions such as the presence of enhanced electron-paramagnon coupling sf = 0.43. The same situation in the imaginable case of purely static pair breaking, expressed by * = 0.41 is given by the dotted line. A very similar result was reported by Ignatov et al. 24 who proposed a phonon-softening scenario with T c =8 K, ln = 120 K, ph = 1.51, and an enhanced * = 0.33 due to spin fluctuations. In any case the superconducting transition temperature is strongly suppressed by pair-breaking contributions.
T c of MgCNi 3 would rise up to Ϸ20 K, if one somehow could suppress the electron-paramagnon interaction. In that case the electron-phonon coupling would not be affected and the dash-dotted line in Fig. 24 would become reality.
Within the phonon-softening scenario, 24 which was recently observed in neutron-scattering measurements, 39 a part of the low-temperature specific heat anomaly may be of phonon origin (as stated in Sec. V A). In this picture the electron-paramagnon coupling would be reduced with the possibility of a paramagnon shift to higher temperatures. This is consistent with ln Ϸ 100 K (lower limit of the result from Sec. V B) and an electron-paramagnon coupling constant of sf Ϸ 0.25. Using these numbers in Eq. (8) the electron-phonon coupling constant amounts to ph Ϸ 1.7. To find the composition of the phonon and paramagnon contribution to the upturn, low-temperature neutron-scattering measurements should be performed. In this context we remind the reader that spin fluctuations are known to show a dependence on the applied magnetic field, which indeed is seen in Fig. 12 .
It was already mentioned that Hall data 8, 15 and thermopower measurements 10 suggest electronlike charge carriers, whereas band structure calculations suggest holelike charge carriers. This puzzle can be resolved within an ITB model. The different gap values indicated from tunneling measurements 14, 19 (large gap) and NMR measurements 7 (small gap) are also naturally explained by an ITB model, since in that case tunneling measurements measuring a current are most sensitive to large Fermi velocities just present in the electron band.
In view of this unclear situation, the multiband influence should not be fully neglected, since measured quantities would be affected oppositional by strong coupling and multiband effects. The aim of this section is to briefly analyze how multiband effects influence the specific heat, if at all.
Starting from the band structure calculations presented in Sec. II, the effect of interband scattering in MgCNi 3 is expected to be weak due to the presence of well-disjoint FSS's (like in the case of MgB 2 ). However, in contrast to MgB 2 , one band dominates the density of states, resulting in a lesspronounced two-band character of MgCNi 3 .
The total electron-phonon coupling constant averaged over all Fermi surface sheets, ph , was estimated by Eq. (9) as ph = 1.84. Considering the band structure calculation, this value is distributed among the two effective band complexes according to
With ph,h = 1.74-1.78 (see Sec. VI A), the coupling in the second band amounts to ph,el = 2.20-2.42 [using N h ͑0͒ = 0.85N͑0͒ and N el ͑0͒ = 0.15N͑0͒]. Obviously this strong mass enhancement in both bands is not compatible with the low value of T c = 6.8 K. So as in the single-band case a considerable pair-breaking contribution in both bands is needed. In view of two different gaps, as suggested by comparing results from NMR 7 and tunneling 14, 19 experiments, we introduce the gap ratio z = ⌬ h / ⌬ el . Within the BCS model used to describe the electronic specific heat in the superconducting state (Fig. 15) , no deviation from the exponential behavior in the temperature range of 2 Ͻ T c / T Ͻ 6 was found for 0.8Ͻ z Ͻ 1.0 [agreeing with ph,el Ͼ ph,h , derived from Eq.
].
The dependence of the characteristic phonon frequency ln on the parameter z and the pair breaking, expressed by an enhanced Coulomb pseudopotential, is shown in Fig. 25 . The right panel indicates that the main difference between ln = 143 K (derived from the normal-state analysis) and ln =88 K (derived from the specific heat jump analysis) is due to enhanced depairing, not considered by Eq. (12) . The error in ln due to multiband effects can thus be estimated as Ϸ10% for z = 0.8.
VII. CONCLUSIONS
Our analysis of MgCNi 3 revealed a highly interesting interplay of different, at first glance unexpected adversed physical features or tendencies all present within one material causing a rather complex general behavior. This novel superconductor has been interpreted so far as standard s-wave BCS superconductor or as unconventional superconductor with strong or medium electron-phonon coupling. Last but not least, a considerable pair-breaking contribution due to spin fluctuations and/or Coulomb repulsion have been suggested from theory and experiment.
The present analysis is the first approach to reconcile the unusual experimental findings within a unified physical picture. It reveals strong electron-phonon coupling combined with medium electron-paramagnon coupling. Strong electron-phonon coupling was derived from specific heat data in the normal and superconducting states independently.
An unusual upturn of the specific heat in the normal state observed at low temperatures can be attributed to spin fluctuations and/or a softening of low-frequency phonons. To specify the contribution of the electron-boson interactions to the low-temperature specific heat anomaly, low-temperature neutron measurements are necessary in order to investigate the evolution of the lattice excitations, which may even be modified by the transition from the normal to the superconducting state.
The electronic specific heat data show an exponential temperature dependence at low temperatures which is a strong indication for s-wave superconductivity in MgCNi 3 . It was shown that a contribution of a second band could not be excluded but even complies with recent tunneling measurement results. The multiband character of MgCNi 3 is proved by band structure calculations. However, with respect to the specific heat, the two-band character of MgCNi 3 is much less pronounced than, for instance, compared with the ITB model compound MgB 2 . That is due to the predominance of a hole band with a large density of states in MgCNi 3 , whereas in MgB 2 the densities of states of both bands are comparable. Therefore, several properties such as the specific heat or the upper critical field can be described to first approximation reasonably well within an effective single-band model. Nevertheless, other properties such as the Hall conductivity and the thermopower clearly require a multiband descriptioni.e., taking into account at least one effective electron and one effective hole band. Previous theoretical analyses based on single-band models could describe only few physical properties. As a consequence of the oversimplified approaches they blamed the local density approximation to fail seriously. This is in sharp contrast to our analysis of the upper critical field yielding an effective Fermi velocity agreeing well with the LDA hole band prediction. Our proposed effective two-band strong coupling approach explains the complex behavior observed for MgCNi 3 and is expected to hold for other still not examined physical properties.
The highly interesting interplay of strong electron-phonon coupling on multiple Fermi surface sheets, softening of lattice excitations, the strong energy dependence of the density of states near the Fermi energy of one band (Van Hove singularity), and paramagnons or strong Coulomb repulsion for a realistic, anisotropic multiband electronic structure with nesting features in this compound highly motivates further experimental studies. Investigating the influence of impurities or slight stoichiometry deviations on the electronic and bosonic properties would be as helpful as making of purer samples and single crystals to perform quantum oscillation studies like de Haas-van Alphen measurements.
Deepened theoretical studies are needed to clarify remaining quantitative details and to extend the present-day strong coupling Eliashberg theory with all peculiarities of MgCNi 3 . 
